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Abstract

Earlier detection of breast cancer reduces mortality from this disease. As a result, the development
of better screening techniques is a topic of intense interest. Contrast-enhanced dual-energy
mammaography (DEM) is a novel technique that has improved sensitivity for cancer detection.
However, the development of contrast agents for this technique is in its infancy. We herein report
gold-silver alloy nanoparticles (GSAN) that have potent DEM contrast properties and improved
biocompatibility. GSAN formulations containing a range of gold:silver ratios and capped with m-
PEG were synthesized and characterized using various analytical methods. DEM and computed
tomography (CT) phantom imaging showed that GSAN produced robust contrast that was
comparable to silver alone. Cell viability, reactive oxygen species generation and DNA damage
results revealed that the formulations with 30% or higher gold content are cytocompatible to Hep
G2 and J774A.1 cells. /n vivoimaging was performed in mice with and without breast tumors.
The results showed that GSAN produce strong DEM and CT contrast and accumulated in tumors.
Furthermore, both /n vivo imaging and ex vivo analysis indicated the excretion of GSAN via both
urine and feces. In summary, GSAN produce strong DEM and CT contrast, and has potential for
both blood pool imaging and for breast cancer screening.
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Introduction

Mammography is an x-ray based imaging technique that is used to screen for breast cancer.!
Population screening with mammography is estimated to reduce mortality due to breast
cancer by at least 15%,2 due to early detection, allowing early intervention and thereby
preventing progression and metastasis.3 Nevertheless, numerous lesions remain undetected
with current mammography techniques due to issues such as high breast density,* allowing
tumors to progress and thereby resulting in worse outcomes. About half of women are
classed as having high breast density.°> The sensitivity of mammography for women with low
density breasts is 88%, whereas it is only 30-60% in women with high breast density.%’
Dual-energy mammography (DEM) aims to distinguish tumors from adipose/glandular
tissue via the different attenuation of materials at different x-ray energies. Contrast agents
are used with DEM to highlight tumors due to their increased blood flow.® In this technique,
two mammograms are acquired in rapid succession using two different x-ray tube voltages
and beam filters.3# While all soft tissues have similar ratios of attenuation between the low
and high energy x-ray images, the contrast agents used have higher attenuation in the high
energy window, due to their k-edge.® A logarithmically weighted image subtraction is done
to create a DE image. The signal from the breast tissue is suppressed and that from the
contrast agent is enhanced. The result is that tumors have very high conspicuity.

The primary form of contrast agent for x-ray based imaging is iodinated small molecules
such as iopamidol or iodixanol.? However, these iodinated agents have a number of
drawbacks including patient allergic reactions and contra-indication for use with renal
insufficiency,10-11 due to the risk of contrast-induced nephropathy.12:13 |n addition, the half-
lives of these agents are very short, necessitating high doses and swift post-injection
imaging. Also, the contrast produced by iodinated agents in DEM is suboptimal.8 Most
importantly, they have low specificity for tumors. Improved contrast agents are needed for
tumor detection with DEM.

Nanoparticles have been proposed as contrast agents for breast cancer imaging with MRI,
CT, photoacoustics and other techniques.24-17 However, few of these agents are suited to
breast cancer screening due to their complexity and specificity for certain sub-types of breast
cancer. Furthermore, the development of contrast agents specifically designed for DEM has
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barely been explored.18 We and others have demonstrated that metal nanoparticles (such as
gold and bismuth) are highly effective x-ray contrast agents.1®26 |ong-circulating
nanoparticles accumulate in tumors due to extravasation from leaky, angiogenic blood
vessels (the enhanced permeability and retention effect).2’ These nanoparticles produce
strong contrast,28:29 can be designed to circulate longer than iodinated contrast
agents,21:30.31 have a good safety profile,32:33 and have been in clinical trials where no
adverse effects were found.3* Nevertheless, while gold nanoparticles (AuNP) produce strong
X-ray contrast, they do not produce significant contrast for DEM since the k-edge of gold is
at 80.7 keV, which is outside the range of energies used in mammography (~15-49 keV).

Recently, Karunamuni et a/. identified that silver produces strong DEM contrast via
simulations, as its k-edge at 25.5 keV is well-matched to the energies used in
mammography.8 It has been shown via experiments that silver nanoparticles produce 40%
more contrast than iodine in DEM phantom imaging.8 Proof of concept imaging was done in
mice with silica-coated silver nanoparticles. The results confirmed that silver nanoparticles
produce strong DEM contrast /7 vivo.18 Therefore, silver is an excellent choice as an
element upon which to base DEM specific contrast agents. However, the challenge for
translation of silver nanoparticles is that they are not stable and oxidation may result in
leaching of silver ions, causing a safety concern.35 In comparison, gold nanoparticles have
an excellent biocompatibility record33:36 and cannot be oxidized 7 vivo. A few recent
studies have probed the use of gold-silver core/shell nanoparticles as contrast agents for
CT,37-40 however none of those studies examined them as DEM contrast agents.

We hypothesized that inclusion of gold in silver nanoparticles would raise the oxidation
potential of silver,*! preventing leaching of silver ions and making the nanoparticles
biocompatible. The gold would also improve the CT contrast properties of silver without
sacrificing its favorable DEM contrast properties. In this study, we propose biocompatible
gold-silver alloy nanoparticles (GSAN) as a novel contrast agent platform for both DEM and
CT. We synthesized a range of GSAN formulations with varying molar ratios of silver and
gold. These GSAN were characterized using dynamic light scattering (DLS), transmission
electron microscopy (TEM), UV-visible spectroscopy and inductively coupled plasma
optical emission spectroscopy (ICP-OES). The DEM and CT contrast properties of GSAN
were investigated using a DEM system and a clinical CT scanner. /n vitro cell viability
studies were performed in Hep G2 and J774A.1 cells. /n vivoimaging with DEM and CT
was performed in mice with and without breast tumors to determine specific uptake. The
biodistribution of GSAN was also determined.

Results and Discussion

Synthesis and characterization of GSAN

The GSAN formulations were synthesized by co-reduction of gold and silver salts using
sodium borohydride and sodium citrate as reducing agents, as schematically depicted in
Figure 1A. Six different formulations (termed Ag-100, Ag-90, Ag-80, Ag-70, Ag-60 and
Ag-50) were synthesized by adjusting the molar ratio of gold and silver salts (Table 1).
Ag-100 refers to the formulation where 100% silver was used in the synthesis, whereas
Ag-90 refers to the formulation where 90% silver and 10% gold used in the synthesis and so
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on. We successfully synthesized a range of GSAN (Figure 1). The particles were then
capped with thiol-polyethylene glycol (PEG) with a methoxy end group to make them water
soluble, stable in physiological buffer conditions and to enhance the /n vivo blood
circulation half-life. Citrate coated GSAN formulations were not found to be stable in PBS,
however PEGylated GSAN formulations are stable in PBS. This is evidenced by aggregation
and settling of the citrate coated GSAN when exposed to PBS, whereas PEG coated GSAN
remained well suspended (Figure S1). We and others have previously observed that PEG
provides gold nanoparticles with robust stability in biological media.?133 The color of the
formulations changes from yellow to reddish-brown as the amount of gold increases (Figure
1B). This corresponded to a shift in the absorption maximum from 405 nm for Ag-100 to
485 nm for Ag-50 (Figure 1C).

We performed ICP-OES on all the GSAN formulations (Table 1). The results show that
significant amounts of gold and silver were found in all the GSAN formulations except
Ag-100. Energy dispersive x-ray spectroscopy result (Figure 2) confirmed the presence of
silver and gold in the GSAN core. The yield of silver was found to be around 60-70% (Table
1). Typically, the percentage of silver in the final, purified formulation was slightly less than
the percentage used in the synthesis.

TEM images of all formulations are presented in Figure 1D. The core size of all the GSAN
formulations was found to be around ~5 nm (Table 1). The hydrodynamic diameters and zeta
potentials of all the GSAN formulations were found to be around 16 nm and -20 mV,
respectively (Table 1). The core and hydrodynamic diameters of all the GSAN formulations
were similar, which is not surprising since the synthesis methodology was similar for all the
formulations, with only the ratio of silver and gold salts varying. The coating material for
the all the formulations was the same (i.e., m-PEG), therefore we did not see substantial
differences in zeta potential values among the formulations.

Analysis of silver ion release and cytocompatibility in vitro

Unlike gold nanoparticles, silver nanoparticles are not inert in nature and can release silver
ions, which can be a safety concern (Figure 3A). Our hypothesis is that making a gold-silver
alloy nanoparticle would increase the reduction potential of silver atoms in the nanoparticle,
minimize silver ion release and improve biocompatibility (Figure 3B). Silver ion leaching
from all GSAN formulations was tested in two different dissolution media: DI water and
simulated lysosomal fluid (pH 5) at 37 °C. We performed this experiment in simulated
lysosomal fluid because it has frequently been observed that nanoparticles are internalized
into endosomes or lysosomes.23:33 The lysosomal pH is slightly acidic, at around pH 5.
Since others have shown that silver nanoparticles release more silver ions in acidic pH than
neutral pH (7.4), probing lower pH is particularly important.#243 Therefore to probe pH
dependence we performed silver ion release assays in these two different dispersion media
(i.e. neutral and slightly acidic pH). We also performed cytotoxicity assays with two
different cell types to probe the correlation of silver ion release data with cytotoxicity.

The release of silver ions from GSAN is shown in Figure 3C,D. In the case of DI water,
more silver ions are released from silver nanoparticles (Ag 100) than GSAN formulations,
with a trend that less silver is released the more gold is included in the formulation (Figure
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3C). While about 0.6% of the silver was released from Ag-100 over 7 days, less than 0.1%
release was seen from GSAN with 20% or more gold content. In simulated lysosomal fluid,
Ag-100 and Ag-90 formulations release substantially more silver ions than the other GSAN
formulations (Figure 3D). Curiously, Ag-90 released more silver ions than Ag-100, in
contradiction to the results found in DI water. However this data matches well with results
from the cell viability assay (see Fig 3E,F and below). Inclusion of 20% gold or more
resulted in substantially decreased silver ion release, with 0.6% release or less, whereas
1.5% silver was released from Ag-100. As can be seen, more silver was released under
acidic conditions than neutral conditions, which corresponds with the results found by
others.42:43

To probe the effects of the observed silver ion release, we investigated the impact of the
GSAN on the viability of J774A.1 and Hep G2 cells. All the GSAN formulations were
found to be biocompatible with both cell lines except Ag-100 and Ag-90 (Figure 3E,F).
Substantial reductions of J774A.1 and Hep G2 cell viability were observed when incubated
with Ag-100 and Ag-90 formulations. This result is likely due to the greater amount of silver
ions leached from these nanoparticles compared to other GSAN formulations. Ag-100 is a
pure silver nanoparticle and the observed decreases in cell viability are in line with the
results found by others.42 Surprisingly, when incubated with Ag-90, the cell viability was
even lower than for Ag-100. This result is in agreement, however, with the results found for
silver ion release. More in-depth toxicological assessments of GSAN were performed via
measurement of reactive oxygen species (ROS) generation and DNA damage studies in
J774A.1 and Hep G2 cells. The results of these experiments are presented in Figure 4.
Notably increased ROS generation was found in J774A.1 cells when incubated with Ag-100,
Ag-90 and Ag-80 formulations, but not when incubated with Ag-70, Ag-60 and Ag-50. ROS
generation was lower in HepG2 cells, but followed the same trend as for J774A.1, i.e. that
Ag-100, Ag-90 and Ag-80 resulted in increased ROS generation, whereas Ag-70, Ag-60 and
Ag-50 did not. DNA damage was found in J774A.1 and Hep G2 cells with the Ag-100,
Ag-90 and Ag-80 formulations. However, only minor DNA damage was observed with both
cell lines after 24 hour incubation with Ag-70. No DNA damage was found after incubations
with the Ag-60 and Ag-50 formulations in either cell type.

Cell viability, ROS and DNA damage results indicate that inclusion of 30% or more gold in
the formulation renders the GSAN biocompatible (Figure 3 and 4). Our hypothesis that
inclusion of gold would reduce silver ion release and improve the biocompatibility of GSAN
was proved correct.

Phantom imaging with DEM and CT

We performed phantom imaging to probe our second hypothesis: that the addition of gold
would not affect the DEM contrast properties of silver. The generation of contrast in DEM
depends on an element having a k-edge in the high energy window, e.g. from roughly 20-40
keV. Since the k-edge of gold is at 80.7 keV, it is not predicted to generate significant DEM
contrast.1844 We investigated the DEM contrast properties of GSAN (at 16 mg Ag/ml) using
a step phantom composed of materials that provide density ranging from that of 100%
adipose to 100% glandular tissue. DEM images of this phantom acquired using a Hologic
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Selenia Dimensions DEM system are presented in Figure 5A,B. Images were acquired at
low energy (LE) and high energy (HE). A weighted logarithmic subtraction was performed
to obtain dual-energy (DE) images (Figure 5A); it can be seen that the variation in the
background signal has been greatly reduced and the contrast from the GSAN is enhanced.18
Strong DEM contrast was observed from all the GSAN formulations and the silver
nanoparticles (Figure 5B,C). The contrast-to-noise ratios (CNR) for all formulations were
calculated from the DEM phantom images and are presented in Figure 5C. The results
indicate that there is no significant difference in the CNR produced among all these
formulations, as the concentration of silver was held constant for all the formulations (Figure
5C). We also performed gold nanoparticle phantom imaging with DEM, where little DEM
contrast was observed (Figure S2), which is similar to our prior /n vivo results.18 Therefore,
DEM phantom imaging results indicated that inclusion of gold in GSAN did not affect the
DEM contrast properties created by silver.

The CT contrast properties of GSAN were evaluated using a clinical CT scanner (Siemens
Force). An FDA-approved iodine-based contrast agent (iopamidol), gold nanoparticles and
silver nitrate were also scanned as controls. Selected CT phantom images are presented in
Figure 5D, while the CT attenuation rate of the different agents is presented in Figure 5E
(the GSAN formulation is Ag-80). Data for additional GSAN formulations is presented in
Figure S3 and is given in both units of HU/mg and HU/mM. The CT phantom results show
that silver attenuates x-rays comparably to iopamidol, with the greatest attenuation at 80 kV,
followed by a steady decline in attenuation as the x-ray tube voltage increases to 140 kV.
This trend is in agreement with the attenuation predicted from data available from the
National Institute of Standards — as the k-edge of silver is at 26 kV, silver should have
stronger attenuation of lower energy x-rays than higher energy x-rays (Figure S4). These
results indicate that silver has potential as a CT contrast agent in addition to a contrast agent
for DEM. Gold has a k-edge at 80.7 kV, therefore it has stronger attenuation of high energy
x-rays than low energy x-rays, hence the increase in attenuation from 80 to 120 kV. GSAN
(Ag-90 to Ag-50 formulation) attenuates high energy x-rays with an absorption that is
intermediate to those of gold and silver as it contains both of these elements (Figure S4). As
can be seen, GSAN create CT contrast that is comparable with iodinated agents and gold
nanoparticles and therefore could have use as a CT contrast agent.

In vivo imaging with DEM

In vitro analyses showed that several of the GSAN are biocompatible and phantom imaging
results showed that GSAN produce strong contrast for DEM and CT. Based on these results
we investigated the /7 vivo DEM and CT contrast properties and tumor accumulation
efficiency of a GSAN formulation (Ag-60). We chose the Ag-60 formulation due to its low
silver ion release and lack of adverse effects on cells in vitro. When GSAN were injected
intravenously into mice without tumors, strong DEM contrast was observed in the heart and
major blood vessels at 5 minutes post-injection (Figure 6A). These results indicated that
detection of GSAN with DEM imaging was practical /n vivo.

Next, we performed /n vivo imaging with a mouse model of breast cancer. DEM images of
representative tumor-bearing mice injected with either GSAN or iopamidol are presented in
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Figure 6B. The DEM images of the mouse injected with GSAN show that there is an
increased DEM signal in the tumor compared to the pre-injection scan. On the other hand,
for mice injected with iopamidol, there was no substantial difference in the DEM signal
observed in the tumors between pre- and post-injection scans at this time point (Figure 6C).
The signal-to-noise ratios (SNR) in the tumors indicate that there was a substantial increase
in DEM signal in the mice injected with GSAN at all post-injection time points (statistically
significant at 30 and 120 min) compared to the SNR in the pre-injection scans (Figure 6C).
However, for mice injected with iopamidol, no significant difference in the DEM signal was
observed in the tumors at any time point. This is likely because iodine contrast agents have
very low circulation half-lives and are quickly cleared from the body via renal excretion.
While iodine contrast agents have been used for DEM in patients, the clearance is slower in
humans than in mice. In our experiments, there was a delay of 1-2 minutes between the
injection and first imaging time point, which may be sufficiently long enough for the agent
to clear from the tumors in these mice. On the other hand, the GSAN are designed to have
long circulation half-lives, and the enhanced permeability and retention (EPR) effect should
therefore lead to accumulation in the tumor and increase the DEM signal over time.

In vivo imaging with CT
In addition to /n vivo DEM imaging experiments, the /n vivo CT contrast properties of
GSAN were investigated using mice with and without breast tumors. CT images of a mouse
without tumors that was injected with GSAN are shown in Figure 7A. Contrast was
observed in the blood vessels over the imaging time points demonstrating that GSAN
produce strong vascular contrast and have a long circulation half-life, as contrast was
observed in the blood vessels over the imaging time points. Interestingly, contrast was also
observed in the bladders and intestines of the mice (Figure 7A), which suggested that there
is some excretion of the GSAN via urine and feces. In addition, CT imaging was done with a
breast tumor mouse model and GSAN injections. The results suggested that GSAN can be
used as a CT contrast agent for specific detection of breast cancers. In CT images of tumor-
bearing mice, contrast was observed in the tumors significantly higher (p < 0.05) in all the
post-injection scans compared to pre-injection scan (Figure 7B, C) and the intensity
gradually increased over time (Figure 7B,C). This result is in agreement with the DEM
imaging. Using this contrast agent (GSAN), CT could be used for breast cancer screening,
which is relevant since several groups are developing CT scanners specifically for this
purpose.4546 |n addition, applications might exist for the detection of other tumor types such
as lung cancer.4’

We quantified the contrast in different organs over the various time points imaged. The
contrast in the heart (i.e., the blood) was highest of all the organs (Figure 7C), and gradually
declined over the two hour imaging time period. As is typical for nanoparticles, some
accumulation in the liver and spleen was observed over time. The contrast observed in the
bladder steadily increased over the imaging time period. The detection of contrast in the
bladder was surprising, since the hydrodynamic size of the nanoparticles was 14 nm, larger
than the expected renal filtration cut-off for nanoparticle excretion.*® This observation
motivated us to investigate excretion of the nanoparticles via ICP-OES, as described in the
next section.
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Biodistribution

The biodistribution of the Ag-60 GSAN formulation at 2 hours post-injection is presented in
Figure 8 (this time point was selected to match the last in vivo imaging time point in order to
confirm the excretion via the urine and feces observed via imaging). Higher amounts of gold
and silver were found in the blood and spleen than in other tissues. More than 10% of the
injected dose (ID) was still present in the blood, which suggested that these nanoparticles
have a reasonably long circulation half-life. Around 5% of ID was found to be in the tumor,
heart, lungs, and liver. Significant amounts of silver and gold were found in the urine and
feces, which supports the CT imaging data, and indicates that GSAN are excreted from the
body via urine and feces.

Conventional mammography has poor sensitivity for tumor detection in patients with dense
breasts due to contrast produced by fibroglandular tissue.* In addition, women with dense
breasts have a 3.25 higher risk of breast cancer, independent of issues related to screening.4®
Other techniques such as contrast-enhanced MRI have been proposed for breast cancer
screening, but conventional MRI is not cost-effective to use routinely, is not applicable for
many patients due to claustrophobia or contraindications such as metal implants, and has a
high false positive rate.>051 Contrast-enhanced DEM is an emerging alternative to
conventional mammaography for screening of breast cancer. Contrast-enhanced DEM has the
potential to reduce the contrast from healthy tissue and highlight tumors via use of contrast
agents. The implementation of DEM is highly practical, since current FDA-approved DE
mammography systems (Hologic and GE) involve only minor software and hardware
upgrades to existing digital mammaography equipment (installation of extra beam filters). As
we discussed above, iodine-based agents are far from optimal for DEM. However, there has
been only one contrast agent specifically developed for DEM reported to date.18

Silver is a more ideal material upon which to base DEM contrast agents than iodine,8 and
the development of silver-based contrast agents is an emerging field.38:40:52 |n this study we
developed GSAN as a DEM contrast agent and more cost-effective blood pool CT contrast
agent than AuNP. GSAN are composed of two noble metals (i.e., gold and silver). Silver
contributes DEM and CT contrast, and inclusion of gold resulted in improved
biocompatibility. GSAN have a long circulation time and significant amounts of GSAN
accumulated in the tumor, producing DEM contrast. GSAN provided tumor contrast for
longer periods of time compared to iodinated small molecules, as iodinated contrast agents
have very short circulation half-lives. Our data show that GSAN are a promising contrast
agent for DEM and may prove effective for the emerging technique of spectral
mammography.>3

CT phantom and /n vivo CT images revealed that GSAN strongly attenuate x-rays. Gold
nanoparticles have been proposed as blood pool CT contrast agents,?1:22 however gold is
much more expensive than silver (the costs of silver and gold are $1.75/gram and $43.28/
gram, respectively).>455 Making a CT contrast agent from a gold-silver alloy would reduce
the cost of the agent, as silver is 30 times less expensive than gold. Interestingly, we
observed that some of the GSAN (around 25% ID) was excreted from the body via the urine
and feces, which is advantageous as FDA approval for a nanoparticle based contrast agent is
likely dependent upon its excretion from the body. The fecal excretion is not unexpected and
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such phenomena have been reported by others.56:57 It is surprising that renal excretion was
observed because the hydrodynamic diameter of the GSAN is 14 nm and prior reports have
indicated that a hydrodynamic diameter below 5.5 nm is needed for renal excretion.*8
However, a fraction of this GSAN formulation may have hydrodynamic diameters less than
5 nm, therefore explaining this result.

Using GSAN as a contrast agent, CT could be used to detect tumors in other organs such as
the lungs, where CT is frequently used for screening for cancer.4’ Future directions for this
platform might include optimization of the synthesis to provide a formulation that can be
entirely renally excreted via smaller core sizes and use of smaller surface-coating ligands
such as glutathione.>8 Also GSAN could be encapsulated in polymeric nanoparticles or
liposomes for improved circulation times®%:80 or together with therapeutic agents for image-
guided therapy for different tumor types.

Conclusions

We have synthesized several gold-silver alloy nanoparticle formulations and demonstrated
that inclusion of gold improved biocompatibility, but did not adversely affect the DEM
contrast properties of the nanoparticles. The formation of gold-silver alloy nanoparticles
reduced the leaching of silver ions from the GSAN compared to silver nanoparticles, thereby
improving the biocompatibility. GSAN produced strong DEM and CT contrast in phantoms
and /n vivo. GSAN were found to produce strong vascular contrast in DEM and CT mouse
imaging. Furthermore, we found that GSAN produced contrast in tumors using both these
imaging techniques. The CT images of the mice and biodistribution results suggested that
GSAN are excreted from the body via urine and feces. GSAN produced strong DEM and CT
contrast in phantoms and /n vivo, accumulate in tumors, and are biocompatible and
excretable. Therefore GSAN have potential as DEM and CT contrast agents for breast
cancer screening, and a blood pool CT contrast agent.

Materials and Methods

GSAN synthesis

GSAN were synthesized using a modified literature method.61 A range of m-PEG capped
GSAN formulations (termed Ag-100, Ag-90, Ag-80, Ag-70, Ag-60 and Ag-50) were
synthesized by substituting several different percentages of silver nitrate with gold chloride
(Table 1). In brief, 1.25 ml of 0.1 M sodium citrate dihydrate solution (Sigma-Aldrich, St.
Louis, MO, USA) was added to a 1 liter conical flask containing 500 ml of DI water, which
was stirring. Then different volumes of 0.1 M chloroauric acid trihydride (Sigma-Aldrich)
and 0.1 M silver nitrate (Sigma-Aldrich) (described in Table 1) were added to the flask. 5 ml
of 0.1 M sodium borohydride (Sigma-Aldrich) was then added to the reaction mixture. After
1 minute of vigorous stirring, 5 ml of 5 mg m-PEG/mI (molecular weight 2 kDa, Creative
PEGWorks, Winston Salem, NC, USA) was added to the reaction mixture, which was then
allowed to stir gently overnight. The resultant nanoparticles were concentrated and purified
using 10 kDa molecular weight cut-off ultrafiltration tubes (Sartorius Stedim Biotech,
Germany). The nanoparticles were washed thrice with PBS, concentrated and stored at 4 °C
for future use.
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Characterization

Dynamic light scattering and zeta potential—The hydrodynamic diameters and
zeta potentials of all the GSAN formulations were measured using a Zetasizer (Nano-ZS 90,
Malvern instrument, Malvern, UK). In brief, 5 ul of GSAN from the stock were diluted with
4 ml of DI water. 1.5 ml and 1 ml of nanoparticle suspension were used for the measurement
of hydrodynamic diameter and zeta potential, respectively. All the measurements were
performed at 25 °C.

UV/visible spectroscopy—UV/visible spectra of all GSAN formulations were
recorded using a UV/visible spectrophotometer (Thermo-fisher scientific, USA). In brief, 5
ul from each GSAN stock were diluted with 2 ml of DI water. Since the stock concentrations
ranged from 3.9 to 8.5 mg Ag/ml (Ag-50 to Ag-100), the diluted samples ranged from of 9.8
to 21.3 pg Ag/ml. The diluted samples were used to record UV-visible spectra. The
absorbances of the GSAN were normalized such that the maximum absorbance for each
sample was set to 1.

Inductively coupled plasma optical emission spectroscopy—The silver and
gold concentrations in each GSAN formulation was determined using ICP-OES (Spectro
Genesis ICP). In brief, 2.5, 5 and 10 pl of GSAN from stock of each formulation were
placed into 15 ml falcon tubes. For the measurement of silver and gold concentration in each
formulation, the nanoparticles were dissolved in 1 ml of concentrated nitric acid and 1 ml of
aqua regia, respectively. Then the final volume in each tube was made to 10 ml with DI
water. The concentrations obtained from the ICP-OES measurements were then multiplied
by their dilution factor for each sample and averaged to obtain the final concentration of
silver and gold in each formulation.

Transmission electron microscopy—TEM of all GSAN formulations was
performed using a JEOL 1010 microscope operating at 80 kV. In brief, 10 pl of diluted
GSAN formulations (10 pl from stock diluted with 500 pl DI water) was dropped onto
carbon-coated copper grids (FCF-200-Cu, Electron Microscopy Sciences, Hatfield, PA,
USA). The water was allowed to evaporate before imaging. The core diameter of each
GSAN formulation was measured using ImageJ (National Institutes of Health, Bethesda,
MD, USA).

Energy dispersive x-ray spectroscopy—A JEOL JEM-1400 transmission electron
microscope (JEOL, MA. USA, Inc.) operating at an accelerating voltage of 120 kV was used
to acquire energy dispersive X-ray spectroscopy (EDS) spectra from GSAN formulations.
Briefly, one drop of aqueous dispersions of GSAN formulations was deposited on an
ultrathin carbon type-A 400 mesh copper grid (Ted Pella Inc. CA. USA), and the droplet was
then dried under ambient conditions. EDS spectra on each GSAN formulation were
recorded.

Silver ion leaching

Silver ion leaching was investigated in two different media: DI water and simulated
lysosomal fluid (citrate buffer at pH 5). The citrate buffer was composed of a mixture of

Nanoscale. Author manuscript; available in PMC 2017 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Naha et al.

Page 11

20.5 ml of 0.1 M citric acid and 29.5 ml of 0.1 M sodium citrate. We did not use media such
as PBS or 10% serum in PBS for this study because these media contain chloride ions that
form silver chloride precipitates with released silver ions, which is very challenging to
separate from the silver nanoparticles. Any media that contains chloride ions is therefore
confounding in silver ion release studies.*3 In brief, 50 pl (from 100 mg Ag/ml stock) from
each formulation was added to 20 ml glass vials containing 4950 pl of DI water or simulated
lysosomal fluid. The tubes were incubated at 37 °C. Samples from each formulation were
collected at the following time intervals: 1, 2, 6, 24, 48, 72, 96, 120, 144 and 168 hours. The
released silver ions were separated from GSAN by centrifuging the entire sample in 10 kDa
molecular weight cut-off ultrafiltration tubes (Sartorius Stedim Biotech). 2.5 ml of filtrate
was collected at each time point and fresh DI water or simulated lysosomal fluid was mixed
with each sample. Then, the tubes were incubated at 37 °C until the next sample collection
time point. The silver ion concentration in each filtrate was measured using ICP-OES. Three
independent experiments were performed for each time point and formulation. The
percentage cumulative silver ion released was calculated and the data presented as mean +
standard deviation (n=3).

Cell viability assay

Cell culture—J774A.1 (murine macrophage), Hep G2 (human hepatocellular liver
carcinoma) and MDA-MB-231 (human breast cancer) cells were purchased from ATCC
(Manassas, VA, USA). The Hep G2 cells were cultured in Eagle's Minimum Essential
Medium, 10% fetal bovine serum (Gibco, Grand Island, NY USA), 45 1U/ml penicillin and
45 1U/ml streptomycin (Gibco). The J774A.1 and MDA-MB-231 cells were maintained in a
culture medium of DMEM (ATCC), 10% FBS, 45 IU/ml penicillin and 45 1U/ml
streptomycin (Gibco). The cells were grown at 37 °C in 5% CO, humidified incubator.

Cell viability assay—The cytotoxicity of each GSAN formulation was investigated in
J774A.1 and Hep G2 cells using the MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay (CellTiter 96 cell
proliferation assay kit; Promega, Madison, W1, USA). The assay was performed in 96 well
flat bottom microplates (Corning, NY, USA), according to previously published methods.33
In brief, 10,000 cells were seeded in each well and the 96 well plate was incubated at 37 °C
for 24 hours in a 5% CO, humidified incubator. After 24 hours of incubation, the cell
monolayer was washed with sterile PBS and then incubated with GSAN dispersed in cell
culture media at a dose of 200 pg Ag/ml for 2 and 24 hours. The silver exposure dose (200
ug Ag/ml) was kept constant for all formulations. Since the formulations contained a varying
amount of gold, the number of nanoparticles was not constant in the assay, with Ag-50
containing 2.5 times the number of nanoparticles as Ag-100, for example. Six replicate wells
were used for each control and test concentration per microplate. After 2 and 24 hours of
incubation with GSAN, the cell monolayer was washed gently with sterile PBS twice. Then
20 pl of MTS/phenazine methosulfate (PMS) solution and 100 pl of cell culture medium
were added to each well and the plates subsequently incubated at 37 °C for 1 hour. After this
incubation, the absorbance was measured at 490 nm using a microplate reader. Three
independent experiments were performed for each GSAN formulation. The percentage of
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relative cell viability was calculated and the data presented as mean + standard deviation
(n=3).

Dual-energy mammography imaging
Dual-energy mammography imaging experiments were carried out using a Hologic Selenia
Dimensions prototype system developed to perform DEM and DE tomosynthesis (Bedford,
MA, USA). 0.30 mm copper and 0.05 mm silver filters were used for the HE and LE x-rays
respectively. The LE images were acquired at 26 kV and 100 mAs, while the HE images
were acquired at 45 kV and 40 mAs. The energies are chosen so that the k-edge of the
contrast agent lies within the range spanned by the LE and HE x-ray spectra. The detector
for the imaging system consists of a 0.5 mm selenium layer that is designed to improve the
detection efficiency at higher energies. This system was used for both the phantom and
mouse imaging experiments.

In the DE mouse imaging study, the HE image was registered to the LE image prior to image
subtraction to correct for motion between image acquisitions. An intensity-based image
registration algorithm from the Advanced Normalization Tools software package (Penn
Image Computing & Science Lab, Philadelphia, PA, USA) was used. Large-scale motions
were first corrected using a mutual information optimization and an affine transformation.
Misalignments at finer scales were corrected using a normalized cross-correlation metric and
diffeomorphic transform. This iterative hybrid registration approach is based on the multi-
scale, deformable registration method for dual-energy x-ray images developed by Gang et
al52 and was used as we have previously reported.18:63 Image processing for the DE
subtraction was then performed using MATLAB (MathWorks, Natick, MA, USA).

A weighted difference of the logarithms of the average LE and HE signal intensities (S/) is
used to create a dual-energy (DE) image using

SIPE= I (SIHE)—w*Zn (SILE) O

where wis the weighting factor. This subtraction allows for the removal of background
structures. More specifically, the weighting factor for the DE subtraction of the phantom
is given as a function of the average signal intensities of the adipose (a) and glandular (g)
regions,

wp = [in(SLHF) ~in (L) ]/ [in (S1HF) —in (S1MF)]

The weighting factor for the DE subtraction of the mouse wp, is given as a function of the
average signal intensities of the bone (b) and soft tissue (t) regions,

wn = [ (SBF) i (SKHF)] / [in (SHF) —in (SEFF)] g
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Phantom imaging

Dual-energy mammography—A step phantom (Figure S5) was used to investigate
the DEM contrast properties of the GSAN formulations.® The step phantom is composed of
materials that attenuate x-rays similarly to breast tissues (from 100% glandular to 100 %
adipose). This phantom is 3 cm high, 10 cm long and 4 cm wide. In brief, each GSAN
formulation (the silver concentration was kept constant i.e. 16 mg Ag/ml for all GSAN) was
loaded into a plastic tube and then the tube was inserted into a channel that had been bored
through the step phantom. Tygon tubing was used (Fisher Scientific, ID = 3/32”, OD =
5/32”, wall = 1/32”). As a control, we also performed DEM phantom imaging with gold
nanoparticles at both 16 and 50 mg/ml. These m-PEG capped gold nanoparticles were
synthesized according to a previously reported protocol.33 We used the 50 mg/ml
concentration, which is 3 times more than the silver concentration used, as a robust test of
whether AuNP produce significant DEM contrast. Then the step phantom containing GSAN
or gold nanoparticles was scanned using high energy (HE) and low energy (LE) x-ray beams
using the DE Hologic Selenia Dimensions prototype, as described above. A rectangular
region of interest (ROI) was placed in each block of the DE subtraction images of the step
phantom containing GSAN formulations or PBS. The DEM contrast from the 5 blocks was
recorded and then averaged. The ROI size was the same for each block of the step phantom
and for all GSAN formulations or PBS. Three images per GSAN formulation or PBS were
analyzed. The CNR was determined using equation 4.

CNR = |[DEM contrast (GSAN)—DEM contrast (PBS)] / mnoise (4)

Statistical analysis on the CNR data was performed using unpaired Student’s t-tests.
Statistical significance among the groups was set at p < 0.05.

Computed tomography—A GSAN phantom was constructed according to a
previously reported protocol.23:24 In brief, different concentrations of GSAN (all
formulations), iopamidol, silver and gold nanoparticles (from 0.5 mg/ml to 10 mg/ml total
metal) were made. 300 pl of each agent was placed into PCR tubes and the tubes were
secured in a plastic rack with parafilm. Three replicates for each agent and each
concentration were included in the phantom. For the case of GSAN formulations, the mass
of gold and silver combined was used as the concentration. The rack was immersed in a
plastic container containing water 21 cm in height. The phantom was scanned using a
Siemens SOMATOM Force 192-slice clinical CT scanner at 80, 100, 120 and 140 kV, with a
matrix size of 512 x 512, slice thickness of 0.5 cm and field of view 37 x 37 cm. The
convolution kernel Br 40d and an x-ray tube current of 360 mA was used for each voltage.
The images were analyzed using Osirix 64 bit (v3.7.1). The attenuation value in Hounsfield
units (HU) for each sample tube was determined from three different slices and averaged for
each sample. The data are presented as CT attenuation rate (HU/mg) of different agents
(mean % SD; n=3).
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In vivo imaging

Animal experiments—In vivo experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania.
Imaging experiments were performed using mice with and without breast tumors (n=4/
group). To create the breast cancer model, nude female mice were inoculated with MDA-
MB-231 cells in their mammary glands. Four million MDA-MB-231 cells were inoculated
into each mammary gland. Imaging was performed at 3 weeks post-injection, and the tumor
volumes of the mice were approximately 100 mm3 at this time. All /n7 vivo experiments were
performed with GSAN (Ag-60) at a dose of 250 mg Ag/kg administered via the tail vein. As
a control, we used a clinically-approved iodinated contrast agent, iopamidol (ISOVUE-300,
Braco Diagnostic), at a dose of 250 mg I/kg. The iopamidol dose used is comparable to that
used clinically.5465 Of note, iopamidol contains three iodine atoms per molecule. All animal
imaging experiments were performed under isoflurane anesthesia.

In vivo DEM imaging—We used the aforementioned Hologic Selenia Dimensions
DEM prototype for /in vivo imaging experiments. We first imaged mice without tumors in
order to test whether we could observe contrast from the GSAN agents /in vivo. Next, we
imaged tumor-bearing mice (the model is described above) to investigate the ability of the
nanoparticles to create contrast in tumors. The mice were scanned at several time points:
pre-injection, immediately post-injection, 30, 60 and 120 minutes. Mice were scanned with
two different energies i.e. high energy (45 kV) and low energy (26 kV). The DEM signal in
the tumors was calculated using ImageJ. An oval ROI was placed on the tumor area in each
DE subtraction image of mice injected with GSAN or iopamidol at each time point. The ROI
size was the same for all mice injected with GSAN or iopamidol. Three images per mouse
and four mice per group were analyzed. The SNR in the tumors of each mouse was
calculated using equation (4). The data are presented as mean +SD. Statistical analysis of the
SNR data was performed using unpaired t-tests. Statistical significance among the groups set
atp <0.05.

SNR = p¥8 | o8 (5)

where Llsiq is the average signal value in the tumor, and oy is the standard deviation of the
background.

In vivo CT imaging—CT imaging experiments were performed using a MicroCAT I
(Imtek, Inc, Knoxville, TN, USA). Mice without tumors (n=4) were used to investigate the
vascular contrast from the GSAN, whereas mice with tumors were used to investigate the
feasibility of using GSAN as a CT contrast agent for breast cancer diagnosis. Mice were
scanned prior to injection and at 5, 30, 60 and 120 minutes post-injection. CT images were
acquired using the following parameters: slice thickness 100 um, field of view 51.2 mm x
76.8 mm, tube voltage 80 kV and tube current 500 pA. The reconstruction kernel used a
Feldkamp cone beam correction and a Shepp-Logan filter. The CT images were analyzed
using Osirix 64 bit (v3.7.1). The attenuation values in Hounsfield units (HU) for several
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organs (i.e., heart, liver, spleen, bladder and tumor) were recorded from three different slices
and averaged. The data is presented as the change in attenuation compared to pre-injection
scan (mean = SEM).

Biodistribution of GSAN

The biodistribution of GSAN (Ag-60) was investigated in mice with and without tumors
(n=4/group). Mice were divided into two groups, group-1 for silver and group-2 for gold
measurement. Different mice were used due to technical issues for measuring gold and silver
content from a single tissue sample. For gold measurements, tissue must be digested with a
combination of nitric acid and hydrochloric acid. As silver and hydrochloric acid reacts to
form silver chloride precipitate, silver content could not be measured in these samples, and
so we used additional groups of mice to determine the biodistribution of silver. 2 hours after
injection with GSAN, the mice were sacrificed, blood and urine samples were collected, and
the mice were then perfused via the left ventricle with 20 ml PBS. After perfusion, the liver,
lungs, heart, spleen, kidneys and fecal materials from the large intestine were collected.
Tumors were collected from separate groups of tumor-bearing mice at 2 hours post-injection
with GSAN that had not been perfused. All the organs and tumors were weighed and then
minced into small pieces. The tissues were digested in 1 ml of concentrated nitric acid at 75
°C for 16 hours to measure the silver content. To measure the gold content in the tissues, the
tissues were digested in 800 pl of concentrated nitric acid at 75 °C for 16 hours and then 200
ul of concentrated hydrochloric acid was added. The silver and gold content in each sample
was determined using the ICP-OES. Data are presented as mean * SD.

Statistical analysis

All the experiments were performed at least in triplicate (three independent experiments).
Statistical analysis was carried out via unpaired t-tests using GraphPad Prism 5 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Schematic depiction of GSAN synthesis. B) A photo of GSAN formulations. C) UV-

visible spectra of GSAN formulations. D) TEM images of GSAN formulations (scale is the
same in all panels).
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Figure 2.
Energy dispersive x-ray spectra of GSAN formulations. The graphs are normalized to the

height of the silver peak.
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Figure 3.
Schematics showing (A) leaching of silver ions from the silver nanoparticles and (B) GSAN

not leaching silver ions. Silver ion release from different formulations (C) in DI water and
(D) in simulated lysosomal fluid. Cell viability of (E) J774A.1 and (F) Hep G2 cells, when
incubated with GSAN.

Nanoscale. Author manuscript; available in PMC 2017 July 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Naha et al.

>
w
S
IS)

@
w
S
S

=2 hrs
®24 hrs

a
=}
N
Q
o

NN
o
o
N
o
S

-
o
o

Cell fluorescence
compared to control (%)
&

o
Cell fluorescence
=)
o

compared to control (%)
(4
o

o
=}
153
(=}

o
o

> N
000\@ ?g\g% vg'op VQ'%Q PQ:‘ p@gp PQ"})

%
3

(@]
S
=
3

o
S
=]
3

[ =2 hrs
w24 hrs

W
i=3
t=3
w
(=3
o

to control (%)
N
o
o

o
o
=3
[=3
o

DNA damage compared
to control (%)
n
[=]
o
DNA damage compared

0 4 0 -
000\\0\ \QQ 5@ S

Figure 4.

[

N H O : @&
P B B B g8 0 o o

LY

9 N
?Q‘OP [ VQ:‘ P.Qfog

P

» H O
PO P Y S

=2hrs
=24 hrs

v‘é’@

=2hrs
24 hrs

qup

Page 23

Reactive oxygen species generation in (A) J774A.1 and (B) Hep G2 cells, when incubated

(D) cells.
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Figure 5.
Phantom imaging with DEM and CT. A) HE, LE and DE images of a step phantom

containing GSAN scanned with a DEM system. B) DE subtraction images of step phantom
containing GSAN formulations and controls. The silver concentration was kept constant i.e.
16 mg Ag/ml for all GSAN formulation. C) Quantification of DEM phantom data. (n.s. =
non-significant). D) CT phantom images of silver nitrate, iopamidol, and GSAN (Ag-80)
scanned at 120 kV (in the case of GSAN, the concentration is given as the mass of silver and
gold); E) CT attenuation rates of different agents.
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Figure 6.
In vivo DEM imaging with GSAN and iodine. A) DEM images of a mouse (without a

tumor) injected with GSAN. DEM images aquired at 5 minutes post-injection. Red and
yellow arrows indicates DEM contrast in the heart and blood vessels respectively. B) DEM
images of representative tumor-bearing mice pre-injection and at 30 minutes post-injection
with GSAN or iopamidol. The yellow circles indicate tumors. C) SNR in the tumors at
different time points. Error bars are standard deviations. * indicates statistically significant
between pre- and post-injection scan (p < 0.05); ** indicates statistically significant between
GSAN and iopamidol (p < 0.05).
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Figure 7.
In vivo CT imaging with GSAN. A) 3D volume rendered CT images of a mouse (without a

tumor) injected with GSAN. Green arrowheads indicate blood vessels and green circles
indicate the bladder. Hearts, kidneys, intestines and bladders are labeled H, K, I and B,
respectively. B) 2D CT images of a tumor-bearing mouse showing accumulation of GSAN
in the tumors at different time points. Yellow circles indicate tumors. C) Quantification of
CT attenuation in different organs of mice injected with GSAN at different time points.
Error bars are standard error of mean.
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Biodistribution of GSAN (Ag-60) in different organs at 2 hours post-injection.
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Table 1

Synthesis and characterization data for GSAN formulations.

Page 28

01M 01M . Core Zeta Molar | Molar .
Formulation | AgNO3 | HAUCI,. g%;%g?e):rn&rm;: diameter | potential ratio (%) O/(E/Xle)ld

(D) 3HZ0 (ul) (nm) (mV) (Ag/Au) Ag g

Ag-100 1250 0 13+2 76+28 | -18.1+1.9 - - 63
Ag-90 1125 125 16+1 36+14 | -19.3+28 5.97 85.6 68
Ag-80 1000 250 16+5 47+23 | -215+27 241 70.6 69
Ag-70 875 375 172 6.4+17 | -19.6+13 1.74 63.5 70
Ag-60 750 500 14+3 46+14 | -200+1.8 1.08 51.9 70
Ag-50 625 625 16+4 57+15 | -20.2+1.1 0.66 39.7 58
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